We investigate the possibility that the 750 GeV diphoton excess, recently reported at the LHC, can be explained by the existence of TeV-scale colored scalars in the non-supersymmetric SO(10) framework with the minimal matter content. We consider a scenario where the 750 GeV resonance is the excitation of the SM-singlet component of a SU (2) R -triplet scalar field. This is the field that breaks the symmetry of the left-right model, 
I. INTRODUCTION
Recently, ATLAS and CMS, in their first note on the 13 TeV LHC searches, reported a resonance in the diphoton channel with an invariant mass around 750 GeV with 3.6σ (3.9σ) and 2.6σ (2.0σ) local confidence levels (CLs) assuming a narrow (relatively wide) resonance, respectively [1, 2] . The fact that the two collaborations detect the signal in almost the same invariant mass region with such noticeable CLs has caused an excitement in the high energy physics community. Unless it turns out to be only a statistical fluctuation, this signal may be the first hint associated with the physics beyond the Standard Model (SM) that the community has long been anticipated.
The cross section upper limit with 95% CL around 750 GeV diphoton resonance mass set by ATLAS (CMS) is roughly 10 ± 2.8 fb (6.5 ± 3.5 fb) using 3.2 fb −1 (2.6 fb −1 ) data at 13 TeV, assuming the resonance is a scalar produced through gluon-gluon fusion. The maximum local significance of 3.9σ attained by ATLAS assumes a 45 GeV width for the underlying resonance. On the other hand, the local significance attains its maximum for a narrow width resonance in the CMS results. Therefore, at this stage, it is difficult to infer conclusively on the narrow or wide nature of the resonance [3] from these primary
analyses.
There has already been a flood of papers suggesting possible scenarios in order to explain the diphoton signal . A common feature among quite a number of these scenarios is the existence of a spin-0 particle S with a mass of 750 GeV, which is also a singlet under the SM gauge group, and heavier TeV-scale vector-like colored fermions.
Due to the feature that these extra TeV-scale fermions are vector-like, the mass terms for them in the Lagrangian are not forbidden, and therefore they do not gain masses via the Yukawa interactions. Upon being integrated out, these fermions effectively induce couplings that lead to a diphoton final state through loop interactions.
In this paper, we investigate the possibility that the diphoton resonance can be explained by the existence of colored scalars which naturally appear in the minimal non-supersymmetric SO(10) grand unified theory (GUT) framework. The model we consider in the TeV-scale is the renowned left-right model, whose gauge group is SU (2) L ⊗ SU (2) R ⊗ U (1) B−L ⊗ SU (3) C , augmented with a color-triplet scalar. The SM-singlet scalar S, which is responsible for the observed 750 GeV resonance in this scenario, is assumed to be the excitation of the electrically neutral component (∆
is the field that breaks the gauge symmetry of the left-right model into that of the SM, by acquiring a vacuum expectation value (VEV) presumably at the TeV-scale in our model. Note that similar to the colored vector-like fermions, the colored scalars as well can effectively induce the necessary interaction terms that lead to two-photon final states after being produced via gluon fusion.
The left-right (symmetric) model [155] [156] [157] [158] [159] and M C come out as predictions of the model. Note also that the D-parity invariance [160, 161, 179] , which is a Z 2 symmetry that maintains the complete equivalence of the left and the right sectors 2 , is broken together with the SO(10) in the first stage of the symmetry breaking, in our model. Therefore, the gauge couplings associated with the SU (2) L and SU (2) R gauge groups, g L and g R , evolve under the influence of different particle contents, hence g R = g L , below the scale M U .
The TeV-scale left-right model in the minimal non-supersymmetric SO(10) setup is difficult to achieve. For instance, if the Higgs content is determined based on the extended survivial hypothesis (ESH) [180] 3 , the model does not allow M R to be in the TeV-scale.
However, by slightly relaxing the ESH conjecture by allowing one or more colored scalars to become light (at the TeV scale), then it is possible to have a TeV scale left-right model in the SO(10) framework [171] . Note that we remain in the minimal picture in terms of the total field content; the model does not have any extra matter fields or any scalar SO(10) multiplets other than the ones required to begin with. Thus, the advantage of having a TeV-scale colored scalar is two-fold: it can explain the diphoton resonance and it can successfully be embedded in the minimal non-supersymmetric SO(10) GUT scheme while maintaining the minimal field content.
This paper is organized as follows. In Section II, we review the left-right model in the SO(10) grand unification framework. We also discuss how the two scalars, utilized to interpret the 750 GeV diphoton excess, one of which is a SM-singlet and the other one is a color-triplet, come about. In Section III, we present the details of the phenomenology of the diphoton excess explained by the existence of these scalars. In Section IV, we discuss the unification of the couplings, derive the values of the symmetry breaking scales, and present the resulting predictions of the model. Finally, we conclude with a summary in Section V.
II. THE MODEL
The model we consider at the TeV-scale is a slightly extended version of left-right
which is assumed to be broken into the SM at the TeV scale; it is the left-right model augmented with a scalar
given as
For the purpose of demonstration and simplicity, we take the mass of ∆ The breaking of the model into the SM is realized by the neutral component (∆
, which is commonly preferred in the literature 4 . In our scenario, it is this SM-singlet scalar ∆ 0 R 1 ≡ S which is responsible for the 750 resonance 4 Here, instead of the SU (2) triplets, the SU (2) doublet (1, 2, 1, 1), which originates from the SO(10) multiplet 16, can also be used. The advantage of the triplet representation is that it provides a Majorana mass term for the right-handed neutrino.
through the loop interaction with the color-triplet scalar ∆ 4/3 R 3
(1, 8/3, 3), given in Eq. (1).
We will study the details of this process in the next section. The electroweak symmetry
achieved by the neutral (diagonal) component of the bidoublet field φ(2, 2, 0, 1), acquiring a VEV. The fermion content of the model is the same as the SM, which is
with the quantum number assignments under the group of the left-right model
respectively. The electric charge formula is given by
where I 3L , I 3R are the isospin quantum numbers of the SU (2) L and SU (2) R gauge groups.
There are seven gauge bosons in the model, W The symmetry breaking pattern of our model is given by SO(10)
where we introduce the notation
and we assume that M R = 5 TeV.
In choosing the SO (10) 
III. THE DIPHOTON EXCESS
In section II, we have discussed that the singlet scalar ∆ as S in the following part of our discussion. Since S is a singlet under the SM gauge group, it can not directly couple to the SM fermions and gauge bosons through any dimension-4 operator due to gauge invariance. Therefore, in order to produce S at the LHC, it is necessary to introduce extra colored particles that present in the loop. Similarly, for the decay to two photons, there should also be additional particles with nonzero EM charge. These particles can be scalar, vector, or fermionic in nature. As mentioned previously, we would like to keep the matter and gauge sectors minimal in our set-up, and therefore, we will proceed with scalars. There are various colored scalars that appear naturally in our model that can serve to this end, as discussed in section II. We would like to investigate if such a setup can accommodate the desired diphoton excess, and if it can, we would like to identify the favored parameter space. For this, we consider only one color-triplet scalar in the TeV-scale with an EM charge 4/3, i.e. ∆ 4/3 R 3
(1, 8/3, 3), given in Eq.
(1), which we denote as χ. Note that the EM charge of χ is the largest among the TeV-scale scalars in our model. Therefore, it couples to photon with a relatively greater strength, and we choose this to be present in the loop of S → γγ decay. We further assume that χ is the lightest among all the colored and EM charged scalars of our model and contributes most in our analysis. We neglect any small contamination from other particles in the loop assuming that they are heavier and thus their effects are relatively suppressed. In Fig. 1 , we present the Feynman diagram of the production of S from gluon-gluon fusion and its decay to two photons through χ in the loop.
FIG. 1:
The Feynman diagram of the production and decay of S at the LHC through χ in the loop.
S being singlet in nature, there is no tree level couplings of S to the SM fermions and gauge bosons. It can decay to a pair of SM gauge bosons only through nonrenormalizable dimension-5 operators. In the potential of the model, there could be some interaction terms which connect S with the SM Higgs doublet, which can lead to a mixing between S and the SM Higgs, after EWSB. Consequently, S can decay to a pair of the SM particles at the tree level. For simplicity, we consider the S-h mixing, and therefore the partial widths of S to two SM fermions or two Higgs bosons, are negligible. Since χ carries color charge and hypercharge, it couples to the gluon and the B µ (hypercharge) fields. Note that there is no coupling between χ and W bosons, since χ is a singlet under SU (2) L . In the effective field theory approach, we can write the following dimension-5 operators (by integrating out χ) for the interactions of S with the SM gauge bosons prior to EWSB.
where G 
Here, we assume that M χ > M S /2, and therefore S cannot decay to a χ pair. It is important to note that the BR depends only on Y , not on the other parameters. This is because all the partial widths, and hence the total width, scale as κ 2 Λ 2 and the loop function I 0 (for any values of M S and M χ ) would be the same for all the partial widths.
S has the largest BR in the dijet channel. We expect the BR in the γγ, Zγ and ZZ are of similar order, but ZZ mode is suppressed due to its phase space factor. We find that the total width of S is roughly 1 GeV for M S = 750 GeV with κΛ ∼ 10 TeV. Therefore, S can be considered as a narrow resonance.
To compare the LHC data and related numerical analysis, we implement the Lagrangian given in Eq. (7) We first comment on the 13 TeV LHC data on the diphoton resonance. Assuming the resonance is a scalar produced through gluon-gluon fusion, ATLAS and CMS have observed the cross sections upper bound with 95% CL roughly as 10 ± 2.8 fb and 6.5 ± 3.5 fb respectively. In Fig. 2a , we present the favored parameter space (displayed in orange) of our model that can explain the observed excess. Here, the orange band starts from 3 fb (the lower limit observed by CMS) and goes up to 13 fb (the upper limit set by ATLAS). It is necessary to check that how the jj [184, 185] , γγ [186, 187] , Zγ [188, 189] and ZZ [190, 191] resonance data at the 8 TeV LHC set limits on the parameter space.
The observed upper limit at 95% CL on the cross sections from the 8 TeV data are given by, σ jj 2.5 pb, σ γγ 2 fb, σ Zγ 4 fb, σ ZZ 10 fb.
In Fig. 2b , we compare the favored parameter space in κ-M χ plane by the γγ resonance data at the 13 TeV with the 8 TeV data in γγ, Zγ and ZZ resonance channels. The region in orange favors the 13 TeV data. The regions in green, blue, and brown are ruled out by the 8 TeV γγ, Zγ and ZZ data. The 8 TeV jj data rules out only a tiny region of the parameter space displayed in Fig. 2b , and hence it is not included in the plot. In all our computations, we have considered a large K-factor of 2 in order to account for the higher-order effects [192] .
IV. UNIFICATION OF THE COUPLINGS
In this section, we discuss how the unification of the couplings are achieved, and we derive the values of the symmetry breaking scales. As mentioned previously, we have only two intermediate scales in our model in between the unification scale M U and the EWSB scale M Z , which are M C and M R , where the value of M R is chosen to be 5 TeV.
The TeV-scale left-right model with light colored scalars in the minimal nonsupersymmetric SO(10) GUT scheme has recently been discussed in [171] . Here, the situation has a slight difference in that one of the components in the decomposition of the left-right multiplet ∆ R 3 (1, 3, 2/3, 3) into the SM gauge group, which is ∆
is lighter than ≈ 1 TeV. Therefore, the RG running of the gauge couplings at this energy scale is slightly different. The other particle which, we assume, has a mass of 750 GeV, does naturally not contribute to the running since it is a SM-singlet.
A. Basics
The symmetry breaking chain of the model considered in this work is given in Eq. (5).
The ordering of the breaking scales must be strictly maintained in the computations, i.e.
We label the energy intervals in between symmetry breaking scales starting from
with Roman numerals as:
The boundary/matching conditions we impose on the couplings at the symmetry breaking scales are:
The low energy data which we will use as boundary conditions to the RG running are [193, 194] 
at M Z = 91.1876 GeV, which translates to
Note that the coupling constants are all required to remain in the perturbative regime during the evolution from M U down to M Z .
B. One-loop renormalization group running 
where the RG coefficients a i are given by [195, 196] 
Here, the summation is over irreducible chiral representations of fermions (R f ) in the second term and those of scalars (R s ) in the third. The coefficient eta is either 1 or 1/2, depending on whether the representation is complex or real, respectively. C 2 (G i ) is the quadratic Casimir for the adjoint representation of the group G i , and T i is the Dynkin index of each representation. For U (1) group, C 2 (G) = 0 and
where Y /2 is the U (1) charge, the factor of 1/2 coming from the traditional normalizations of the hypercharge and B − L charges. The a i 's differ depending on the particle content in each energy interval, which changes every time symmetry breaking occurs.
We will distinguish the a i 's in different intervals with the corresponding roman numeral superscript, cf. Eq. (14).
C. Results
The scalar content of our model in the energy intervals I through III are 5 :
The values of the RG coefficients for this Higgs content are listed in Table I .
The relations between symmetry breaking scales, which can be derived by using the one-loop running equations and the boundary/matching conditions, can be obtained as
5 It is common in the literature that another scalar Pati-Salam multiplet, Σ(2, 2, 15), is included in interval III for a rich Yukawa phenomenology [165, 166] . In terms of the RG evolution, which is our main focus here, this extra multiplet wouldn't alter the results noticeably, because its effect in the RG equations would appear as a contribution in the term (−5a L + 3a R + 2a 4 ) (see Eqs. (25) and (26)), which would be very small compared to the rest of the term. Therefore, and for the sake of staying minimal, we do not include this multiplet in our set-up. 6 See Refs. [170, 171] for the details of the derivations. 
Using these equations and the experimentally measured quantities 
The value for the scale M C is sufficiently high to ensure that the effects induced by the presence of scalar and vector-leptoquarks are suppressed adequately enough to remain consistent with the experimental constraints [197] . Besides, the unification scale M U is high enough to escape the bound on the proton decay induced by gauge boson exchanging
The value of the unified gauge coupling can be found via the equation
7 Note that in our model we also have light color-triplets, and as well known they lead to scalar-induced d = 6 operators that contribute to the proton decay amplitude. Although these contributions are typically suppressed by small Yukawa couplings, the color-triplets being as light as the TeV-scale can cause a potentially dangerous situation [198] . In such a case, a mechanism is required to adequately suppress these interactions, such as the ones proposed in Refs. [199, 200] . 
(29)
The running of the couplings are given in FIG. 3 .
Similarly, the gauge couplings are obtained as
at M R = 5 TeV 8 , which, together with the values of the symmetry breaking scales (given in Eq. (27)), are the main predictions of the model. The results are summarized in Table IV C.
The model also predicts the existence of TeV-scale W R and Z R gauge bosons. The masses of these gauge bosons in the left-right model are given as 
Note that these predictions of the model regarding the value of the gauge coupling 
